A unique set of high-quality downhole shallow subsurface well log data combined with industry standard 3D seismic data from the Alaminos Canyon area has enabled the first detailed description of a concentrated gas hydrate accumulation within sand in the Gulf of Mexico. The gas hydrate occurs within very fine grained, immature volcaniclastic sands of the Oligocene Frio sand. Analysis of well data acquired from the Alaminos Canyon Block 818 #1 (''Tigershark'') well shows a total gas hydrate occurrence 13 m thick, with inferred gas hydrate saturation as high as 80% of sediment pore space. Average porosity in the reservoir is estimated from log data at approximately 42%. Permeability in the absence of gas hydrates, as revealed from the analysis of core samples retrieved from the well, ranges from 600 to 1500 millidarcies. The 3-D seismic data reveals a strong reflector consistent with significant increase in acoustic velocities that correlates with the top of the gas-hydrate-bearing sand. This reflector extends across an area of approximately 0.8 km 2 and delineates the minimal probable extent of the gas hydrate accumulation. The base of the inferred gas-hydrate zone also correlates well with a very strong seismic reflector that indicates transition into units of significantly reduced acoustic velocity. Seismic inversion analyses indicate uniformly high gas-hydrate saturations throughout the region where the Frio sand exists within the gas hydrate stability zone. Numerical modeling of the potential production of natural gas from the interpreted accumulation indicates serious challenges for depressurization-based production in settings with strong potential pressure support from extensive underlying aquifers.
Introduction
The term ''gas hydrate'' is commonly used to describe clathrate compounds of water and various appropriately-sized gas molecules, most commonly methane. Gas hydrates form naturally in sediments given suitable temperature and pressure and sufficient supplies of both water and gases. The macroscopic form in which gas hydrate occurs varies considerably, including large massive mounds at the seafloor, as nodules, veins and fracture fillings; and as disseminated pore-filling grains in more deeply buried sediments. Gas hydrate occurrences are generally restricted to the upper several hundred meters of marine sediments under deep continental shelves and slopes and to areas in the Arctic, where the temperature regime is conditioned by the presence of permafrost. The recognition of widespread and large-scale occurrences of gas hydrate in marine environments has raised many fundamental scientific and public interest concerns. In particular, marine gas hydrate-bearing sediments have potential as a future energy source, are a suspected hazard to oil and gas drilling operations, and have potentially significant implications for global environmental processes such as climate change and the carbon cycling (Kvenvolden, 2000) .
In comparison to accumulations encased in unconsolidated and impermeable shallow marine muds, gas hydrate reservoirs in porous and permeable sands are the most promising targets for potential natural gas production (Moridis and Reagan, 2007a,b; Moridis and Sloan, 2007) they provide: 1) the means to transport pressure or temperature perturbations into a gas-hydrate-bearing formation efficiently, and 2) an avenue for released gas to be gathered at the well. Among these potential sand reservoirs, the most promising will be those, like the accumulation described in this paper, that lie at depths close to the base of gas hydrate stability (BGHS).
This paper provides the first description of inferred gas hydrates within sand reservoirs in the Gulf of Mexico. Previous accounts of gas hydrate bearing marine sand reservoirs worldwide come from the Nankai trough of Japan (Fujii et al., 2005) and from the northeast Pacific, off the coast of Vancouver Island (Reidel et al., 2006) .
Gas hydrates in the Gulf of Mexico
Naturally-occurring gas hydrates are well documented throughout the Gulf of Mexico (Milkov and Sassen, 2001 ). However, most previous investigations have relied upon either direct observation of surficial features and processes or examination of shallow (less than 5 m) piston cores. As a result, most descriptions of gas hydrate in the Gulf of Mexico relate to massive gas hydrate accumulations exposed on the seafloor in association with known or inferred hydrocarbon vents and seeps (Roberts and Carney, 1997; MacDonald et al., 1994) . In general, the potential for occurrence of significant subsurface pore-filling gas hydrates was perceived as likely very limited due to both the lack of documented geophysical indicators for gas hydrate such as regional bottom-simulating reflectors (Kvenvolden and Lorenson, 2001; Cooper and Hart, 2003) and the region's elevated heat flow and salinity (Paull et al., 2005; Ruppel et al., 2005) . Nonetheless, McConnell and Kendall (2002) showed seismic data from the Walker Ridge area and noted a series of aligned terminations of free gas accumulations that provided an alternative to the continuous bottom-simulating reflector (BSR) as an indicator of the likely position of the base of gas hydrate stability (BGHS; as noted previously by Vanneste et al., 2001 ). Subsequently, closer examination of seismic data across the Gulf of Mexico reveals the presence of continuous BSRs in other locations, including Keathley Canyon Block 151 (Hutchinson et al., in press-a, 2008) and Green Canyon (Smith et al., 2005) .
In 2005, the Gulf of Mexico Gas Hydrates Joint Industry Project (the JIP) selected two locations in the northern Gulf of Mexico to conduct drilling, logging, and coring in gas-hydrate-bearing formations (Ruppel et al., 2008) . At the site in Keathley Canyon Block 151 where earlier work had identified a subtle BSR, a zone of fracture-controlled gas hydrate occurrence within silts and muds was discovered at a depth range from 220 to 300 m below the seafloor (Cook et al., 2008; Lee and Collett, 2008) . The Keathley Canyon accumulation was well above the level of the BSR; however the occurrence of the deposit was found to be in close accordance with pre-drill estimates of gas hydrate occurrence based on seismic inversion (Dai et al., 2008) . The second site, in Atwater Valley Blocks 13 and 14, featured seafloor mounds and shallow-focused flow features Wood et al., 2008) . Gas hydrate in the Atwater Valley drilling was limited and restricted to very shallow depths (Claypool, 2006) .
Geologic setting: Alaminos Canyon Block 818
The Alaminos Canyon (AC) protraction area is located in the deepwater of the western Gulf of Mexico (Fig. 1) . The dominant geologic structures in the area are a series of northeast-southwest trending salt-cored box folds of the Perdido fold belt. Over most of the AC area, these folds lie beneath a thick and mobile salt canopy . The region is known for oil and gas seeps, most notably in block AC 645 (e.g., Cordes et al., 2007) . Investigations Fig. 1 . Location of wells and seismic data cited in the text within the Northern Gulf of Mexico. Background image is a color-coded topographic map of the seafloor with darker water being denoted by darker blue colors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . W-E seismic data across the AC region (see Fig. 1 for location) . The large anticlinal fold in the center of the image is fold ''3b'' of the Perdido fold belt. The location of the AC 818 #1 well is indicated. The amplitude associated with the Frio sand in the well is denoted. The eastern limit of shallow detached salt is also highlighted. Courtesy Chevron. during 2006 (Roberts et al., 2007) using the submersible Alvin have observed chemosynthetic communities and other indicators of significant hydrocarbon flux within AC818.
In March, 2004, the ''Tigershark'' exploration well was drilled in 9004 feet (2744 m) of water in AC block 818. The well was located along the crest of fold ''3b'' within the Perdido fold belt (see Fiduk et al., 1999; Trudgill et al., 1999) to test an emerging deepwater Lower Tertiary turbidite oil and gas play (Meyer et al., 2005) . The well discovered w60 ft (18 m) of oil in the Paleocene Wilcox Formation, and along with other discoveries (including the ''Trident'' (AC block 903) and ''Great White'' (AC block 857) wells) confirmed the presence of a fully functioning petroleum system in the region.
The youngest and shallowest proven oil and gas reservoirs within the Lower Tertiary deepwater turbidite play are the Oligocene Frio sands. Although the Frio sands are typically well below the BGHS throughout most of the Gulf of Mexico, the significant uplift of the Perdido fold belt has raised the unit to unusually shallow depths over fold 3b (Fig. 2) and produced a four-way structural closure in the northeastern corner of AC 818 (Fig. 3) .
Analysis of percussion sidewall core samples taken from the AC block 818 #1 well indicate that the Frio sand occurs as a very finegrained (40-60 micron) volcanoclastic sand (Fig. 4) . A notable feature of the unit, which is thought to be typical of the Frio sand in the region, is the abundance of angular volcanic glass shards and feldspathic rock fragments that result in elevated natural radioactivity as compared to more typical quartzose sands, making the formation appear much more clay-rich in gamma-ray log data than they actually are.
We consider petrophysical data obtained from the sidewall core plugs to be problematic due to the potential for grain compaction during sample collection (see Shafer et al., 2005) , particularly given the highly unconsolidated, high-porosity, volcanoclastic fabric of the Frio sand. Nonetheless, the data do provide an indication of reservoir quality. The reported porosity, as determined from the summation of volumes of all fluids extracted through retort, ranges from 28% to nearly 34%. These values are roughly 10% less than that as determined from the density log as discussion below. Estimated matrix permeability, as determined from algorithms based on measured porosity, grain sizes, and other data, ranges from 550 to 1500 millidarcies (Table 1 ).
Acquisition and uniqueness of the AC818 data set
The AC818 log data were acquired to investigate the nature of the sediments associated with a strong seismic reflector interpreted to occur roughly 1500 ft (roughly 460 m) below the seafloor. This depth coincides closely with the expected depth of both the Oligocene Frio sands (a secondary regional oil and gas reservoir) and the BGHS. Drilling parameters were tightly controlled to prevent the turbulent flow of drilling fluids and enlargement of the borehole due to sediment removal. Surface casing was set at an unusually shallow depth to enable well log data acquisition throughout this interval in open hole. Acquiring these shallow logs marked a major deviation from the standard industry practice of rapidly drilling and casing large boreholes through the gas hydrate stability zone (GHSZ) to ensure wellbore stability and drilling safety. As a result, the AC818 log data represents the first known suite of high-quality well logs obtained from within the gas hydrate stability zone in the deepwater Gulf of Mexico (see Smith et al., 2006) .
The Frio sand was encountered as expected at a drilling depth 10 537 ft (3212 m) 1 , at which time a return flow of 246 barrels (bbl) drilling fluid was observed. In response, drilling fluid weight was increased from 8.7 to 9.1 pounds per gallon (ppg). Indications of gas flow also coincided with the penetration of the Frio sand: mud log data from above the Frio sand indicated low levels of methane gas (less than 1% gas in air), but once drilling proceeded into the Frio sand, mudlog gas content increased to 10-20% concentrations. These gas levels persisted to 10 580 ft (3225 m). Below this depth, gas content decreased to about w5% and continued to decrease to w2% at the interpreted base of the Frio sand at 10 840 ft (3304 m). Gas content then decreased to levels of 1% or less. 1 Depths are reported in the text and figures as drilling depth measured relative to the drill rig floor, which was located 92 feet above sea-level. Given the water depth of 9004 ft., subsurface depths equate to reported drilling depth minus 9096 ft. Montage of well log and sidewall core-derived data acquired over upper portion of the Frio sand in the AC818 #1 (''Tigershark'') well. Key curves shown are gamma ray, caliper, resistivity (sfl), neutron porosity, bulk density, shear velocity (DTSM), P-velocity (DTCO-1), and log density porosity (PHIE_1). Also provided are calculated values for Water Saturation and irreducible water saturation (SWIRR). Large green dots are data derived from analyses of sidewall core samples. The track on the far right indicates interpreted volumes of shale (gray), sand (yellow), gas hydrate-filled pore space (green), and brine-filled pore space (blue). The gas hydrate zone is characterized by high resistivity and high velocity, however formation density is essentially the same as for the brine-saturated Frio sand below (these data originally appeared in Smith et al., 2006) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Log data interpretation
Log data indicate that the onset and initial decline of gas influx as observed in the mud log data corresponds closely to elevated formation resistivity and sonic velocity as seen in the log data. A composite display of well log and other data obtained from the AC818 #1 well is provided in Fig. 5 . The following description of the reservoir is based on an integrated analysis of the gamma ray, resistivity, and bulk density data, as well as re-processing and analysis of the sonic log data.
Formation porosity
Analysis of the density log suite assuming a constant grain density of 2.65 g/cm 3 (typical for terrigenous sand reservoirs) would indicate an average porosity of 47% for the high-resistivity interval of w47%. However, to account for the unknown percentage of lower-density grains within the matrix, we assume that volcanic glass (with density of 2.35-2.45 g/cm 3
; Shipley and Sarna-Wojcicki, 1982 ) comprises approximately 50% of the rock volume, resulting in an average grain density of 2.525 g/cm 3 . Using this value, the porosity within the upper 15 m of the Frio sands as determined from the density log is roughly 42%. This value is 10-12% greater than that reported from sidewall core analyses (Table 1) . However, rock physics modeling using the modified Biot-Gassman theory of Lee (2002 Lee ( , 2005 ; hereafter referred to as the BGTL) fails to accurately match well log observed P-and S-wave velocities and estimated gas hydrate saturations when the corederived porosities are used. In contrast, using the higher log-derived porosities provided a much closer match of observed values, and is therefore the preferred estimate of the in situ formation porosity.
Gas hydrate saturation estimated from resistivity data
A primary tool for the determination of gas hydrate saturation is analysis of the formation resistivity. The formation resistivity of gas hydrate-bearing sediment (GHBS), R t , is given by
where a and n are constants, R w is the resistivity of connate water, m is the cementation factor, f is the porosity, and S w is the water saturation. The saturation of gas hydrate (S gh ) can be estimated from the resistivity using the following equation (Collett and Ladd, 2000) with n ¼ 1.9386:
When R w is available, fluid saturations can be estimated from equation (2) given estimates of Archie parameters a and m. When R w is not available, a ''quick look'' method (Collett and Ladd, 2000) can be applied to estimate saturations and apparent resistivity R a (R a ¼ aR w ). Comparison of measured resistivity to estimates of baseline resistivity (expected resistivity given 100% saturation with connate water) using both the quick look and full Archie methods is provided as Fig. 6a . Gas hydrate saturation (Sgh) is determined (Fig. 6b ) by comparing measured resistivity to the baseline estimate and attributing the full difference to the presence of gas hydrate. Calculations using both the quick look and full Archie approaches indicate Sgh greater than 70% over an interval from w10 530 to 10 585 ft (3210-3226 m) with maximum Sgh in excess of 80%.
Gas hydrate saturation estimated from sonic log data
We have also estimated gas hydrate saturation by comparing reprocessed sonic log data to predicted velocities for water-saturated sediments using the BGTL (Fig. 6a) . Fig. 7a shows measured P-wave (green dots) and S-wave (black dots) velocities as a function of log-derived porosity. On the basis of Fig. 7a , the BGTL parameter m ¼ 1.8 is determined to be appropriate for modeling velocities for this deposit. As with the resistivity calculation, the associated Fig. 8 . Summary of acoustic logs in the AC 818#1 well. The coherence (a measure of the reliability of the velocity measurements) data indicates in particular that the Vs measurements immediately below and above the hydrate bearing intervals are of poor quality. The waveform amplitude and the attenuation derived from these waveforms are indicative of the dissipative influence of high gas hydrate concentration. increase in acoustic velocity at each depth is assumed to be due to the presence of gas hydrate. Sgh estimated from the P-wave velocities agree well with those estimated from the resistivity, and have finer spatial resolution.
The relationship of Vp to Vs for the inferred gas hydrate occurrence at AC 818 is compared (Fig. 8b) to that observed for gas hydrate-bearing sand sediments in the Mallik 5L-38 well, and for clays and clay-bearing sediments (Castagna et al., 1985) . When S-wave velocities are less than about 1 km/s, the P-wave velocities for clay-bearing sediments are slightly larger than those for the gas hydrate-bearing sand formations in the Mallik 5L-38 and AC818#1 wells. S-wave velocities at AC 818# 1 well are nevertheless slightly less than those at Mallik 5L-38 well. The similarity of the P-to S-wave relationship in the AC 818#1 as compared to the Mallik 5L-38 wells is likely a reflection of the similar coarse-grained (sand) lithology at the two locations, despite their different geographical settings. These responses are clearly distinct from clay-bearing sediments as well. Velocity log data acquired in hydrate-bearing sands from the Nankai Trough (Japan) region also reveal responses similar to those at AC 818#1 well (Tsuji et al., 2004) .
Discussion of well log analysis
To check the internal consistency and accuracy of two distinct gas hydrate saturation calculations, we compare measured acoustic velocities from the sonic log data to those derived from the resistivity data. The P-and S-wave velocities are predicted using the BGTL with m ¼ 1.8, clay volume content calculated from the gamma log, differential pressure depending on depth, and Sgh estimated from the full Archie analysis. The variation and magnitude of predicted P-and S-wave velocities using the resistivity log are similar to those of measured P-wave velocities. However, measured velocities resolve thinner beds than resistivity-derived velocities, due in part to differences in vertical resolution between these two tools. One interval where this difference may impact our analysis is the zone from 10 590 and 10 600 ft (3228-3231 m: Fig. 8 ). The resistivity-derived velocities assuming free gas below (blue line) are smaller for P-wave velocity and larger for S-wave velocity than the measured velocities, whereas resistivity-derived velocities assuming water (circles) are similar to measured velocities. This raises questions about the gas hydrate/free gas saturations calculated from resistivity in this zone and also at a similar zone near 10 525 ft (3208 m). We attribute these differences to the lower vertical resolution of the resistivity tool, and consequently, the total thickness of the hydrate-bearing interval is interpreted to be better represented by the sonic data. However, detecting the presence of free gas in low saturations from the sonic log is difficult because the measured velocities may be close to those of water-saturated sediments. Therefore, from these data, we cannot confidently determine whether free gas is present below the hydrate-bearing sediments.
Acoustic waveforms and attenuation
Despite good hole conditions, the acoustic waveforms recorded during the two passes with the dipole sonic imager (DSI) logging tool were noisy in a number of intervals and required re-processing in order to improve the quality of the Vp and Vs data. The reprocessed Vp and Vs logs show higher acoustic velocity than the original data over the two intervals where high concentrations of gas hydrate are believed to be present. Nonetheless, despite the re-processing of the dipole waveforms, the low coherence measured across the receiver array (Fig. 9) indicates poor reliability (weak and noisy signal) for the Vs data below 10 580 ft (3213 m). A likely reason for the low coherence of the dipole waveforms in these poorly consolidated sediments is the high frequency of the dipole source used (centered on w4 kHz). A lower frequency pulse (<1 kHz) would have likely produced better data.
Following the method described by Guerin and Goldberg (2002) , we calculated the attenuation of the recorded monopole and dipole acoustic waveforms. The low amplitude of the P-wave arrival observed in the monopole waveforms in the two hydratebearing intervals can be associated with a clear increase in compressional attenuation in these intervals, as measured on two receivers of the DSI array (Fig. 9) . The attenuation calculated from the dipole waveforms also shows higher values in the upper gas hydrate-bearing zone, but the correlation between gas hydrate occurrence and attenuation in the deeper interval is not as clear as in the monopole data, a likely consequence of the noisy nature of the dipole waveforms. Fig. 10 . Schematic illustration of the geology in the shallow section around the AC818 #1 well as determined from analysis of 3-d seismic data. The folded Oligocene Frio sandstone appears to be fully saturated with methane hydrate where it occurs within the gas hydrate stability zone. The Frio sand is completely absent along the northwest limb of the fold and is partially removed along the fold crest by a major unconformity (blue dashed line). Gas migration into the Frio sand likely occurred both up the dipping sand layer from deep horizons to the southeast as well as up a network of small normal faults imaged along the fold axis (brown lines). Such faults can also be seen in Fig. 14. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 11 . Map of P-impedance within a 100 ms window below the interpreted BHSZ. Low P-impedance values are indicated in red, and correspond to ''bright spots'' that indicate accumulations of free gas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Summary of log-based estimations of gas hydrate saturation
We have reported that resistivities and acoustic velocities within the upper 52 ft (16 m) of the Frio sand in the AC 818 well are significantly elevated above the values expected assuming the reservoir were fully saturated with connate waters. Our assumption is that these effects are due to the addition of gas hydrate to the sediment. Gas hydrate and ice are both potential pore-filling materials with intrinsically high velocity and resistivity, although ice cannot be present in this formation given its in situ temperature of roughly 20 C. Therefore, our interpretation of the logging data confirms the presence of gas hydrate in two main zones: an upper 20 ft (6 m) interval with Sgh reaching 80% (10 530-10 550 ft), and a lower 22 ft (7 m) interval with Sgh just less than 80% (10 560-10 582 ft). The sedimentological description obtained from sidewall core samples (Table 1) indicates that the intervening 3 m Fig. 12 . The right panel provides the interpreted areal extent of the AC818 gas hydrate accumulation in the Frio sand. The blue color is the area of GH occurrence as resolved by the seismic data. Resolution limit at this level is approximately 10 m. This area is roughly 2 km long by 0.5 km wide. The larger grey area indicates the extent of the negative amplitude event interpreted to mark the transition into very-low saturation free gas within the water-saturated Frio sand. The left panel schematically shows the relationship of these seismic events with the interpreted geology around the well location (with blue and grey lines indicating the occurrence of the reflections whose extent is shown in the corresponding colors on the left panel). The heavy red line marks the unconformity that truncated the Frio over the Perdido 3b fold. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 13 . A. Overlay of Vp wireline log data (red curve) with pre-stack time migration seismic data through the well location. Depths (m) are measured from the sea-level. There is a clear correlation between major seismic events with the top and base of the gas hydrate-bearing interval as interpreted from the log. The thin bed in the middle of the gas hydrate zone in well data is below the thickness for vertical resolution and is not imaged with the seismic data. B. Results of the seismic inversion, showing the extent of the gas hydrate accumulation away from the AC818 #1 well. The center red line is the well location, the red curve is the Vp sonic log data from the well, as shown in Fig. 14 . Note that the gas hydrate accumulation appears to be truncated on the west by a small normal fault (black line). In the middle of the hydrate layer, the sand is apparently faulted slightly higher into the stability zone allowing a thicker accumulation of hydrates to occur. The vertical extent of the illustrated section is about 200 m. zone of low gas hydrate saturation is marked by finer-grained sediments. The total thickness of the reservoir with gas hydrate saturation in excess of 70% is therefore approximately 42 ft (13 m).
Seismic data interpretation
The 3D seismic data over a 23 km 2 area centered upon the AC818 #1 well were reprocessed with the objectives of maximizing data resolution in the first kilometer of sediment below the seafloor. Curved ray Kirchhoff Pre-stack-time-migration processing was used to improve the imaging of the complex stratal geometries in the area and to provide correctly imaged pre-stack data for inversion and estimation of Sgh. The following describes the findings of the seismic data analysis.
3.1. Reservoir description from regional seismic data Fig. 10 is a diagrammatic west-to-east cross-section depicting the primary geologic features in the vicinity of the AC818 #1 well as revealed by the integration of the seismic data with log data acquired in the AC818 #1 well. At the well location, and along much of the fold crest, the Frio sand is inferred to be partially eroded by a major unconformity. On the northwestern flank of the fold, this unconformity completely removes the Frio sands. The sand is believed to be fully present along the fold's southeast limb, however, there are no other well penetrations in the area, and the full original thickness of the Frio is not confidently known. In the vicinity of the well location, the Frio sand is overlain unconformably by predominantly fine-grained Plio-Pleistocene sediments. Additional unconformities are evident within this younger section.
The inference from the well data of a concentrated gas hydrate deposit presumes the existence of all the critical elements of a gas hydrate system, including sufficient gas and water charge, migration pathways, trap, seal, and reservoir. Additional confirmation of the gas charge in the area is provided by numerous gas-related features in the seismic data, including isolated stratal-bound bright spots consistent with concentrations of free gas in reservoir-quality sandstones and broad regions of attenuation of high frequency data (Fig. 11) . The seismic data also indicate the existence of possible gas migration pathways into the reservoir, including migration upwards along the dipping Frio sand horizon, as well as numerous high-angle normal faults of small throw (typically less than 33 ft (10 m)) along the fold axis that formed in response to extension during folding.
Although there is no regional BSR in southeastern Alaminos Canyon, the depth to the base of the stability zone can be estimated by reference to the aligned terminations of bright spots. Several such terminations can be seen in the area that correspond closely to the base of the gas hydrate-bearing interval in the well (see Fig. 10 ). As a result, we conclude that it is most likely that the base of the gas hydrate in the well at 10 582 ft (3226 m) also marks the base of the GHSZ.
Analysis of 3-D seismic data enables the estimation of the vertical and lateral dimension of the AC818 gas hydrate accumulation away from the #1 well. Correlation to well data suggests that both the top and the base of the gas-hydrate accumulation are directly imaged in the seismic data. Fig. 13A illustrates the correlation between the well log and seismic data. A high amplitude, positive event (bright green) corresponds directly with the top of the gas-hydrate accumulation, while a large negative amplitude event (white) marks the base (Fig. 13A) .
The lower, negative polarity event can be traced across an area roughly 2 km long and 0.5 km wide (Fig. 12) that closely follows the axis of the Perdido 3b fold. We interpret the area where this negative polarity reflector is coincident with the upper event to mark the base of the gas hydrate bearing interval within the Frio sand. Where this lower event extends beyond the area of the upper event, it is most likely derived from the top of the Frio sand, and is caused by the juxtaposition of low velocity Plio-Pleistocene sands above even lower-velocity Frio sands containing water and minor concentrations of free gas. The amplitude of this event diminishes as traced further away from the fold crest, presumably due to the disappearance of the free gas within the Frio sand.
The data have sufficient frequency content (75 Hz) at the depth of the Frio sand in the well to resolve the gas hydrate-bearing sand as thin as approximate 33 ft (10 m). Therefore, the upper, positive polarity event is interpreted to delineate the presence of gas hydrate occurrence in the Frio sand of w33 ft (10 m) thickness or greater. This area is roughly 0.8 km 2 in size.
Gas hydrate saturations from seismic inversion
Variation in the amplitudes of both the upper and lower seismic events are used to predict Sgh away from the well location (Figs. 13  and 14) . The inversion of Sgh from acoustic amplitude data begins with the detailed analysis of the seismic wavelet and generation of acoustic impedance and shear impedance volumes, which are in Fig. 14 . Results of seismic inversion for gas hydrate saturation at the stratigraphic level of the AC818 #1 gas hydrate accumulation. Detailed examination of the 3-D data reveal that the Frio sand corresponds to the areas of high saturation (orange and red colors). Areas of lower estimated gas hydrate saturation (blue shades) equate to seismic responses from units of Plio-Pleistocene age where those units replace the Frio at the base of the gas hydrate stability zone due to structural or stratigraphic features. Other anomalous areas shown in the map related to potential gas hydrate accumulations within other PlioPleistocene deposits (see Fig. 11 ) -such accumulations are expected to be within lowerquality reservoirs, consistent with the lower saturations shown. Dashed lines are normal faults of minor throw (<10 m) that potentially compartmentalize the accumulation. Larger faults have displaced the Frio sand outside the GHSZ, resulting in abrupt and linear terminations to the accumulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) turn, transformed into Sgh volumes Dai et al., 2004; Dai et al, 2008) . Carefully conditioned angle stacks were built as input for the simultaneous inversion (using ISISÔ; an industryleading seismic inversion technology). Data acquired from the well were used for rock physics analyses using Bayesian statistical approaches. The model was then used to establish low frequency trends that exist below the seismic bandwidth, such as the trend of gradual increase in acoustic impedance with depth as sediments compact under increasing pressure. The model did not contain any gas hydrate-bearing layers, which allowed the higher frequency seismic data to independently drive the detection of gas hydrate anomalies wherever they occur since the seismic data responds to changes that occur over much smaller intervals. The amount of deviation observed between the predictions in the rock model and the actual seismic data was then transformed into a 3-D estimate of Sgh. The Sgh data shown here (Fig. 14) were derived from the compressional impedance volume.
Sgh on the structure is uniformly high and no areas of low or partially gas hydrate-saturated Frio sand in a position above the interpreted BGHS could be confidently identified. It appears that wherever the Frio sand occurs within the GHSZ, it is highly saturated with gas hydrate. Small-scale lateral variability in gas-hydrate saturation appears to be driven primarily by a network of minor normal faults (see Fig. 13 for examples). For example, the highest amplitudes occur to the north-northeast of the AC818 #1 well within a fault block that has elevated a greater thickness of the Frio sand into the GHSZ. Similarly, areas adjacent to the anomaly, particularly on the west and the south of the accumulation, that are shown with lower estimated Sgh values are interpreted as areas where faulting has displaced the Frio reservoir below the BGHS (resulting in younger and low-quality reservoir being located at the BGHS). On the eastern edge of the accumulation, low saturation estimates from the inversion likely reflect the effects of thinning of the gas-hydrate-saturated portion of the Frio. In other words, even in these areas where low Sgh values are calculated from the inversion, we believe that the Frio is fully saturated with gas hydrate, but thinned below seismic resolution.
Volumetrics
The AC818 accumulation is interpreted to cover an area of 8. (w800 million m 3 ).
Numerical simulation of potential productivity
The AC818 accumulation is currently one of the best characterized marine sandstone gas hydrate reservoirs, affording the opportunity to assess the potential of the accumulation for wellbased extraction of natural gas. To provide a first-order estimate of the potential response of an accumulation of this type to wellbased production, numerical simulations were conducted using the parallelized version of the Toughþ/HYDRATE code.
For these simulations, reservoir properties were assigned consistent with the log and seismically-derived characterization described above (porosity of 42% and intrinsic permeability of 1 Darcy) and are assumed to be uniform throughout the total area. The deposit is idealized as uniformly (48 m) in thickness and elliptical in shape, extending roughly (500 m) from east-to-west and (1200 m) from north-to-south. The upper (18 m) of the sand has 75% of pore space occupied with gas hydrate; the lower (30 m) is fully water saturated. The Frio sand is modeled as bounded Fig. 15 . Comparison of gas and water production rates for two cases modeled on the AC818 Frio accumulation. The blue lines indicate communication of the AC818 gas hydrate accumulation to a water drive provided by the down-dip eastward extension of the Frio sands. Red lines indicate potential productivity if the water drive is not present. With connection to the virtually infinite aquifer, constant-rate production following the initial 90-day constant-pressure period shows first a decline (when water from the boundaries reaches the well following the initial depressurization), followed by an increase (as a new pressure distribution is established), and finally reaching a plateau indicating a nearsteady state at roughly 1.5 MMCFPD (where water influx from the aquifer fully compensates for water production at the well). In a scenario where the water drive is not acting, gas production rates are very high (40-100 MMCFP). The termination of production at 230 days signals the depletion of the deposit, consistent with the small size of the accumulation. The importance of impermeable boundaries for gas hydrate production via depressurization is clearly demonstrated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) by impermeable shales above and below. In addition, the upper (18 m) gas hydrate-bearing zone is also bounded laterally with impermeable shale formations that can exchange heat with the surroundings. In contrast, the lower (30-m) water-bearing zone is bounded laterally only to the west and to the north; the southern and eastern boundaries were assumed to extend an additional (50 m) beyond the western edge of the gas hydrate-bearing zone, at which point they were assumed to be connected to an infinite aquifer. The initial pressure distribution was assumed as hydrostatic. Temperature was based on the assumption that the bottom of the hydrate stability zone is coincident with the base of the gas-hydrate bearing zone. The approach used in the initialization and execution of this study follows that discussed in earlier reported simulations (see Moridis and Reagan, 2007a,b) . Modeling employed a three-dimensional grid with almost 600 000 cells, and required the solution of about 2.4 million simultaneous equations.
The production strategy simulated is depressurization-induced dissociation through fluid removal. We used a single horizontal well with a length of 1100 m that was located about 50 m from the eastern boundary of the idealized elliptical formation. The reason for this placement was an attempt to exploit the proximity of impermeable shale boundaries provided by the erosional truncation of the Frio sand. In addition, the well was placed at the top of the sand to take advantage of the gas accumulating near the top of the formation during dissociation, and to avoid as much as possible the drainage of the water released from dissociation.
Because of the very low initial effective permeability of the formation, it was not possible to produce (initially) at a constant rate. Thus, an initial stage of constant-pressure production, with the well kept at a pressure (P w ) of 30 MPa was extended to 90 days in an attempt to aggressively produce from the deposit and obtain an estimate of its response under a worst-case scenario (as the aggressive depressurization and the short time frame reduced the conduction-dominated heat influx into the deposit). Production then switched to a constant-rate mode, with water withdrawal set at 30 000 barrels per day.
Following the initial constant-P period, degree of hydrate dissociation and associated gas production rates are very low (blue Fig. 16 . Comparison of the simulated evolution of the gas (top row) and gas hydrate saturation (bottom row) with production under two alternative settings: either connected (left) or disconnected (right) to an infinite aquifer (left). The display shows change in gas hydrate saturation at four different times on an E-W cross-section roughly across the widest part of the accumulation. The producing horizontal well is located at the top of the deposit near the western edge and projects out of the page. The much quicker and effective destruction of the gas hydrate in the case with no aquifer connection is readily apparent. line on Fig. 15a) . Clearly, this behavior is caused by the deposit being in direct communication with the infinite aquifer. This setting, when coupled with the high permeability of the system, does not allow effective depressurization. The limited depressurization does not allow significant gas release and accumulation, while the inexhaustible supply of water from the Frio to the east and south floods the system and allows only a small band of free gas to exist near the dissociating interface.
To explore the effect of the water drive further, an alternative case was conducted in which the infinite aquifer (50 m to the east of the edge of the gas hydrate accumulation) was replaced with an impermeable boundary. As expected, the results are drastically different, with productivity enhanced by almost 2 orders of magnitude (rates ranging between 40 and 100 million ft 3 (1.1 and 2.8 million m 3 ) per day) and water production rates steady at 30 000 barrels (3520 m 3 ) per day (Fig. 16 ). This finding clearly highlights the strong advantages of having a closed system (unconnected to extensive aquifers) when attempting to produce from hydrate deposits by means of depressurization and the substantial productivity that can be achieved in gas hydrate reservoirs in certain settings. Further comparison of the two cases is provided in Fig. 16 . Of course, due to the lack of data on such formations, additional field studies and numerical simulations are necessary before firm conclusions can be reached as to the production potential of natural hydrates.
Summary
In 2005, the first known full log suite across a portion of the gas hydrate stability zone in the northern Gulf of Mexico was acquired in the AC block 818 #1 (''Tigershark'') well. The logging program was designed to determine the nature of the sediments and pore fill associated with a very strong negative seismic amplitude anomaly observed at the expected depth of both the Oligocene Frio sands and the BGHS. These logging data, along with reprocessed 3-D seismic data, indicate the presence of a 42 ft (13 m) thick occurrence of high-saturation, pore-filling gas hydrate within a sand reservoir.
Gas hydrate is interpreted to occur where the Frio Sand is uplifted into the gas hydrate stability zone along the crest of fold 3a of the Perdido Fold belt in the vicinity of the AC818 #1 well. Gas hydrate saturations, as inferred from analysis of both resistivity and acoustic data, are uniformly high at the well location, typically exceeding 70%, with maximum values of roughly 80%. It is assumed that the gas hydrate-water contact observed in the well marks the BGHS.
Analysis of the 3-D seismic data indicates ample evidence of gas charge throughout the area of the well. Lithologic samples obtained from the well revealed the Frio to be a high-porosity, high permeability volcanoclastic sand. Well-log derived porosity averages 42% and intrinsic (non-gashydrate-bearing) permeability is typically 1 Darcy or more, making the Frio a high-quality reservoir rock. Gas migration into the accumulation could have occurred along numerous near-vertical faults imaged within the accumulation (with throws of 10 m or more) or up the permeable Frio pathway along the western edge of the fold. The trap for the accumulation is created by four-way fold closure related to the compressional tectonism of the Perdido fold belt. The reservoir seal is provided by finegrained Pleistocene muds that lie above an angular unconformity that partially removes the Frio sand along the fold crest and fully removes the sand along the fold's eastern limb. Maximum thickness of the reservoir is roughly 100 ft (30 m) and occurs along the fold crest near the northeast corner of Alaminos Canyon block 818.
Both the top and the base of the hydrate-bearing interval are directly imaged in the seismic data and can be mapped throughout an area of roughly 8.6 million ft 2 (0.8 km 2 ). Inversion of amplitude data based on calibration with log data from the AC818 #1 well reveals that gas hydrate saturation remains uniformly high wherever the Frio reservoir lies above the base of gas hydrate stability. In no areas does the Frio appear to contain less than 60-65% gas hydrate saturation where it occurs above the interpreted BGHS. Common saturation values interpreted throughout the accumulation are 80% or higher. Total methane gas resource present within the accumulation is estimated at slightly more than 28 billion ft 3 (~800 million m 3 ). Numerical modeling of the potential productivity of the Frio reservoir indicates that the potential for a strong water drive in this particular setting renders effective reservoir depressurization impossible, leading to low gas flow rates.
